Abstract. Expression of the estrogen receptor (ER), the progesterone receptor (PgR) or the human epidermal growth factor receptor-2 (HER2) in tumors is a good prognostic marker for breast cancer patients. However, approximately 15-20% of breast cancer patients have triple-negative breast cancer (TNBC; negative for ER, PgR and HER2), and efficient therapeutic modalities for these patients are under investigation. We focused on thymidine phosphorylase (TP), an enzyme metabolizing 5'-DFUR, an intermediate of capecitabine, to 5-fluorouracil in order to investigate the application of well-known therapeutics for TNBC. Results of a gene expression analysis showed that TP expression in TNBC and basal-like breast cancer (BLBC) was higher than that of other subtypes. Immunohistochemically, the high expression of TP in TNBC and BLBC reflected expression in stromal but not tumor cells. Notably, a high TP expression was observed in the stromal cells of EGFR-and/or CK5/6-positive breast tumors. Our present results showing a high expression of TP in BLBC indicate that capecitabine-based chemotherapy would be of benefit for patients with TNBC.
Introduction
Treatment strategies for breast cancers have been successfully designed in an integrated manner with biological molecules including the estrogen receptor (ER), the progesterone receptor (PgR) and the human epidermal growth factor receptor-2 (HER2) (1) . Endocrine therapies, such as tamoxifen or letrozole, and the HER2 antibody (trastuzumab) are used clinically for hormonal receptor (HR)-and HER2-positive patients, respectively, and have been found to prolong the survival of breast cancer patients (2) . On the other hand, approximately 15-20% of breast cancer patients who have triple-negative breast cancer (TNBC; ER-, PgR-and HER2-negative) are generally subjected to chemotherapeutic agents. Sørlie et al showed that breast cancer can be clustered into four subtypes: luminal (A,B), HER2-positive, basal-like and normal breastlike cancer. The findings were based on a hierarchical clustering study of gene expression (3) (4) (5) . The basal-like subtype is one of the categories for which therapeutic strategies are being reconsidered, and many drugs have been proposed as candidates. DNA-damaging drugs including platinum or anthracyclines, DNA-repairing inhibitors including polyAribose 1 (PARP1), and targeted drugs for epidermal growth factor receptor (EGFR) are expected to have benefits for this group. The basal-like subtype was originally a genotypic concept. However, studies have increasingly defined basal-like breast cancer (BLBC) to be a type of breast cancer with the immunophenotype of TNBC and positive for EGFR and/or cytokeratin (CK)5/6 expression (6). TNBC expresses a basal phenotype in 56% of cases compared with non-TNBC (11.5%) (7). Thus, TNBC and BLBC are not identical but closely related, and both are associated with poor clinical outcome and lack the benefit of a targeted systemic therapy.
Capecitabine is a widely used chemotherapeutic agent for breast cancer patients (8) . Capecitabine was designed as a prodrug which is selectively converted to 5-fluorouracil (5-FU) by thymidine phosphorylase (TP) in tumors (9) . TP was first described as an enzyme responsible for nucleoside metabolism, but was later found to be identical to the enzyme extracted from human platelets known as plateletderived endothelial cell growth factor (PD-ECGF) (10, 11) and was found to be involved in anti-apoptotic activity and angiogenesis (12) . The efficacy of capecitabine may correlate to TP expression in the tumor (13) . Some case reports have indicated that capecitabine and docetaxel combination therapy is useful for the treatment of TNBC (14, 15) . However, it is not well documented whether or not TP expression and the intrinsic subtype of breast cancer are related. Hence, we focused on TP expression in tumor specimens obtained from breast cancer patients with differentially expressed ER/HER2 status in relation to TNBC and BLBC.
Patients and methods
Patients and tumor specimens. We serially collected 40 tumor specimens consisting of 10 samples in each of the four groups defined by the immunohistochemical expression of ER and HER2: ER-positive/HER2-positive, ER-positive/HER2-negative, ER-negative/HER2-positive and ER-negative/HER2-negative, and analyzed the specimens using an oligonucleotide microarray. A total of 40 tumor tissues including 39 invasive ductal carcinomas and 1 ductal carcinoma in situ were surgically obtained from breast cancer patients following informed consent. This experiment was approved by the ethics committees of both Tokai University and Chugai Pharmaceutical Co. Ltd. The clinicopathological features are shown in Table I . Specimens were resected from the main tumor mass, avoiding areas with massive necrosis and areas intermingling with non-neoplastic breast tissue. Tumor tissue samples were divided into two specimens; one was snap-frozen in liquid nitrogen and stored at -80˚C for gene expression analysis and the other was fixed in 10% formalin within 48 h and embedded in paraffin for immunohistochemical analysis. For clinical diagnosis, ER was stained by an automated machine for immunohistochemistry (IHC) (Benchmark; Ventana Japan, Yokohama, Japan), and HER2 was stained using a HER2 kit (Dako HercepTest; DakoCytomation, Carpinteria, CA, USA) according to the manufacturer's protocols. The ER-IHC results were interpreted as positive when >10% of the cancer cells immunoreacted. HER2-IHC was assigned scores according to the following ranking: 3+ (positive), 2+ (equivocal) and 0 or 1+ (negative). HER2 was interpreted as positive when IHC 3+ or the HER2/CEP17 signal ratio was ≥2.2 from fluorescence in situ hybridization (FISH) for IHC 2+ tumors. None of the patients had received any pre-operative adjuvant hormone treatment or chemotherapy.
Evaluation of gene expression. Details of the oligonucleotide microarray analysis were as previously described (16) . Briefly, total RNA was extracted from the frozen tissues with Sepazol-I (Wako, Osaka, Japan). The RNA was reversetranscribed to cDNA using T7-(dT)24 primer. Biotin-labeled cRNA was synthesized from cDNA using a MegaScript In Vitro Transcript Kit (Ambion, Austin, Tx, USA), and then hybridized to human U95Av2 GeneChip ® (Affymetrix, Santa Clara, CA, USA). The hybridized oligonucleotide microarrays were scanned using a confocal scanner (Affymetrix) and analyzed using Affymetrix software (LIMS 5.0). The signal intensity of TP was expressed as a logarithmic value.
Immunohistochemical analysis for thymidine phosphorylase and the basal phenotype. Specimen sections (4 µm) were mounted on silane-coated glass slides, deparaffinized in graded xylene and dehydrated in ethanol. After the inhibition of Triton X-100 and incubated at 4˚C overnight. The slides were washed with PBS, incubated with biotin-labeled secondary antibody and detected using a Vectastain Elite ABC Kit (Vector Laboratories, Inc., Burlingame, CA, USA). The levels of immunostained TP in the tumor or stromal cells were independently assigned a score (0, 1, 2, or 3, from lowest to highest) based on a previous report (18) . Total TP expression was estimated from the sum of the scores observed in the tumor and stromal cells. PgR was stained by an automated machine for IHC, and EGFR was stained according to the manufacturer's protocols. Breast cancers that were negative for the expression of ER, PgR and HER2 were determined to be TNBCs, and breast cancer samples lacking an expression of ER, PgR and HER2 but expressing EGFR and/or CK5/6 were considered to be BLBCs (6).
Statistics. Statistical analysis was performed using StatView 5.0 (Hulinks Inc.) on a Windows PC. P<0.05 was considered to be of statistical significance.
Results
thymidine phosphorylase mRNA expression. As shown in Fig. 1A , TP expression (array signal intensity of logarithm, 2.8184; 95% CI 2.7071-2.8833) was significantly higher in the tumors than that in adjacent normal tissues (2.4260; 95% CI 2.1112-2.5975) (p=0.0061, Mann-Whitney U test). To investigate the relationship between TP expression and ER or HER2 status, the expression levels of TP were compared between ER-positive and ER-negative (Fig. 1B) , and between HER2-positive and HER2-negative (Fig. 1C) breast tumors. ER-negative breast tumors (2.9270; 95% CI 2.8352-3.0171) showed a significantly higher TP expression than ER-positive breast tumors (2.7529; 95% CI 2.5370-2.7914) (p=0.0035, Mann-Whitney U test), whereas there was no significant difference in TP expression between the HER2-positive and HER2-negative breast tumors (p=0.2448, Mann-Whitney U test). To further investigate, we compared TP expression between the ER-positive/HER2-positive, ER-positive/HER2-negative, ER-negative/HER2-positive and the ER-negative/ HER2-negative tumor subtypes. In the multivariate analysis (Fig. 1D) , TP expression in ER-negative/HER2-negative tumors (3.0641; 95% CI 2.8886-3.1392) was higher than that in ER-positive/HER2-positive (2.7179; 95% CI 2.3667-2.8321) and ER-positive/HER2-negative tumors (2.7529; 95% CI 2.6435-2.8137). In addition to the ER and HER2 status, the expression of PgR, EGFR and CK5/6 is summarized in Table I . The ER-negative/HER2-negative tumors were also negative for PgR and were considered to be TNBC. Moreover, 8/10 of the ER-negative/HER2-negative tumors were BLBC, expressing EGFR and/or CK5/6. We then compared TP expression of TNBC or BLBC to that of the other tumor groups. TP expression was higher in TNBC (p=0.0030, Mann-Whitney U test) (Fig. 1E) and BLBC (p=0.0019, MannWhitney U test) (Fig. 1F ) than in non-TNBC and non-BLBC tumors, respectively.
Immunohistochemical analysis of thymidine phosphorylase.
In addition to comparing the mRNA levels, we investigated TP expression immunohistochemically in breast cancer tissues. Typical patterns of TP expression in cancers are shown in Fig tumors. Subsequently, the tumor samples were evaluated according to previously reported scores (13) . Among the 40 specimens, total immunohistochemical TP staining scores weakly but significantly correlated to mRNA expression (r=0.34, p=0.034) ( Table I , Fig. 2B ). Although total TP expression scores showed no differences among the ER/ PgR/HER2-positive, ER/(PgR)-positive/HER2-negative, ER/ PgR-negative/HER2-positive and ER/PgR/HER2-negative breast tumors (Fig. 3A) , TP expression in the stromal cells tended to be higher in ER-negative breast cancer than in ER-positive breast cancer (Fig. 3B) . We further analyzed the correlation between TP expression in the stromal cells and basal phenotypes of breast cancer. TP expression in the stromal cells of the EGFR-and CK5/6-positive breast tumors was significantly higher than that in each negative group (Fig. 4A and B) . Notably, both EGFRand CK5/6-positive breast tumors showed extensively higher TP expression in the stromal cells (Fig. 4C) . TP expression in the stromal cells demonstrated a tendency related to BLBC (p=0.0979, Mann-Whitney U test) (Fig. 4E) , even though TNBC showed no tendency with TP expression in stromal cells (Fig. 4D) . Taken together, the high level of expression of TP in the stromal cells correlated with ER-negative breast cancers expressing CK5/6 and EGFR.
Discussion
The present study demonstrated that the expression of the TP gene was higher in TNBC and BLBC. Immunohistochemical analysis results showed that a higher TP expression in the stroma significantly correlated with ER-negative breast cancers expressing EGFR and CK5/6. Intracellular signaling via ER or HER2 is considered essential for tumor growth and/or anti-apoptosis, and there are therapeutic strategies to inhibit these receptors such as tamoxifen, letrozol and trastuzumab. However, in ER-negative/HER2-negative breast tumors, the transmitted signals that result in tumorigenesis and anti-apoptosis remain unclear. TNBC and BLBC share clinical features such as a poor patient outcome. Moreover, they lack the benefit of a targeted therapy (3) (4) (5) 19) . It is widely accepted that TNBC is heterogeneous and includes BLBC, as a significant subgroup, as well as non-basal phenotypes. Among the specific markers for BLBC such as EGFR, CK5/6, BRCA1, c-kit and p53 mutation (3) (4) (5) , EGFR or c-kit may be candidate treatment targets. Although EGFR overexpression has been observed in approximately half (57%) of BLBCs (19) , at present insufficient evidence exists regarding a treatment targeting EGFR in BLBC patients (20, 21) . TP exerts tumorigenic, anti-apoptotic and angiogenic functions (12) and, considering the results of the present study, TP is a reasonable target for patients with BLBC.
Our results contributed to the elucidation of the relationship between cancer cells and stroma. The expression level of the TP gene in tumor subtypes correlated with TP IHC scores in the stroma, which were higher. Stromal tissue is presumed to be a significant source of TP gene expression throughout the entire tumor. Since the stromal compartment has been reported to be associated with breast tumor initiation and progression (22) , many investigators recently focused on this relationship. Stromal gene expression profiles can predict clinical outcome for patients with breast tumors (23) . Stromal cells play an important role in breast tumors, and the microenvironment that includes the tumor and stromal cells needs to be considered when evaluating drug sensitivity to breast tumors. With regard to TP expression, it was demonstrated that human TP cDNA transfection in colorectal (24) and non-small lung cancer cells (25) increased sensitivity to 5'-DFUR and induced a bystander effect towards co-cultured parental cells with increased 5'-DFUR sensitivity. Therefore, it is theoretically expected that stromal TP would induce a bystander effect towards adjacent tumor cells when treated with capecitabine. Since capecitabine was designed as a pro-drug that is selectively converted to 5-FU by TP in tumor tissue (9) , it is expected to be more efficiently converted to 5-FU in a tumor microenvironment with a higher expression level of TP even though it is expressed in the stroma.
It remains unclear why the expression of TP in stromal and cancer cells is higher in ER-negative expressing EGFR-and CK5/6-positive breast cancers. TP expression is induced by hypoxia and several cytokines such as tumor necrosis factor α, interleukin 1, or interferon γ (26) . One possible mechanism is that ER-negative and EGFR/CK5/6-positive cancer cells secrete cytokines that may cause the stromal cells to induce a high TP in the stroma. Notably, there were no significant differences between the TP IHC scores for TNBC/non-TNBC and BLBC/non-BLBC, possibly because there is no correlation between TP expression and HER2 that offsets the difference between TNBC/non-TNBC and BLBC/non-BLBC. It is noteworthy that EGFR-and CK5/6-positive cancer cells are more intimately related to stromal TP expression than HER2-positive breast cancers.
The hypoxic mechanism of TP induction is one of the explanations for the efficacy of capecitabine in tumors after treatment with other anticancer drugs (12) . In preclinical studies, capecitabine showed at least an additive effect in human breast cancer xenograft models in combination with trastuzumab (23) and endocrine therapies (28) . In human cancer tissues of various organs, TP expression was demonstrated to be significantly higher in tumors than in adjacent normal tissues, regardless of the ER or HER2 status In the clinical setting, capecitabine is often administered in combination with other anticancer drugs for breast cancers, and combination therapies have achieved a more favorable response rate, time-to-progression, and/or overall survival in advanced or metastatic breast cancer patients than capecitabine monotherapy (29) . Collectively, capecitabine is expected to be effective for BLBC and HER2-positive breast cancers expressing EGFR and CK5/6 in combination with chemotherapy and trastuzumab.
In conclusion, the expression of TP was higher in BLBC, and capecitabine-based chemotherapy is a likely candidate for the treatment of patients with BLBC. The results warrant clinical trials of capecitabine in combination with chemotherapy or trastuzumab based on hormonal/HER2 receptor status.
